The magnetoresistance in submicrometer Permalloy square ring structures has been experimentally measured and modeled. The authors show that using an external field they can place a head-to-head domain wall at a selected corner of the ring and sense its position by magnetoresistance. They finally demonstrate that a domain wall can be reversibly and controllably displaced by current pulses of different polarity. Their observations can be explained by a directional spin-torque effect. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2777156͔
Manipulation of magnetic domain walls ͑DWs͒ in nanostructures by the use of electric current has recently become the focus of intense research due to its great potential for application to spintronics and also because of the basic physics involved in the phenomenon.
1-3 Magnetic nanorings are particularly apt geometry to investigate such an effect and this, together with their outstanding magnetic properties, makes them good candidates as building blocks for high density magnetic random access memories and magnetosensors. 4 If the effects of magnetocrystalline anisotropy are negligible, only the geometry of the ring determines the microscopic spin structure of the magnetic states. 5 The effects of geometrical constrictions, such as notches and corners, on DWs in nanorings have been intensively investigated. 6, 7 Magnetoresistive measurements can be used to locate and track the position of a DW in nanoring structures. [6] [7] [8] 13 Crucial for applications is the possibility to induce a controlled and reproducible DW displacement by injection of polarized current pulses rather than by using a magnetic field. 3 The current induced DW motion is due to a spintorque effect, where the electrons transfer angular momentum to the DW when passing through it, pushing it in the direction of the electron flow.
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In an earlier work we have investigated the magnetization reversal in Permalloy ͑Py͒ square rings with a narrow slit at one of the corners and we observed that head-to-head DWs can be positioned at selected corners and moved between corners by applying a field along a particular direction. 9 In this letter we present a study of the magnetoresistance ͑MR͒ in such a structure and we show that, using a particular contact geometry, magnetoresistance can be used to determine the location of a DW. We further demonstrate that a DW can be reversibly and controllably displaced by current pulses alone, according to the spin-torque effect.
The 25 nm thick Py square ring structures have been lithographically patterned on top of 20 nm thick and 100 nm wide Au contacts, previously fabricated on a SiO 2 / Si substrate. The outside size of the rings is 1.0ϫ 1.0 m 2 , the width of each segment is 150 nm, and the slit is 80 nm wide. The inset in Fig. 1͑a͒ shows the scanning electron microscopy image of the final structure. This structure is a particularly apt one for studying current induced DW displacement since head-to-head DWs can be obtained and pinned at the corners of the ring structure without requiring notches. This ensures that the current flows parallel to the perimeter of the ring thus, excluding, that the Oersted field, viz., the field created by the current itself, exerts any appreciable force on the wall. Also, the hydromagnetic drag force due to the Hall effect can be excluded since it is significant only for films thicker than 100 nm. 10 The MR response of each structure is measured at room temperature using a four-terminal ac technique with lock-in detection and, to get a maximum flexibility, six nonmagnetic Au contacts numbered 0-5 ͓see Fig. 1͑a͔͒ are distributed around the ring. The magnetoresistance in these structures is dominated by the anisotropic magnetoresistance 11 ͑AMR͒ and a maximum resistance is observed when the spins are parallel or antiparallel to the injected current flow. This corresponds to a state when there is no DW present between the two sensing leads and the magnetization follows the direction of the perimeter of the ring. If a DW is present between the measuring leads, some of the magnetization of the DW points perpendicularly to the current flow and hence the resistance is lowered. For the measurements presented here, the voltage was measured using a lock-in amplifier between contacts 1 and 2, 2 and 3, and 3 and 4; the ac lock-in current ͑peak-to-peak amplitude of 15 A͒ was injected at contact 0, and contact 5 was grounded, while current pulses were injected at contact 1. We used current pulses with durations of 10 and 20 s and amplitude up to ±5 mA, corresponding to current densities up to 2 ϫ 10 12 A/m 2 in the ring. Figure 1͑a͒ shows the voltages measured between contacts 1 and 2 ͑solid dots͒ and 3 and 4 ͑open squares͒ for the external field H swept starting from negative values and along the direction sketched in the inset of the figure. An enlargement of the MR curve in the field range from −1000 to 1000 Oe is shown in panel ͑b͒. Figure 1͑c͒ shows the calculated voltage signals due to AMR in the same field range together with a schematic of the relevant magnetization configurations developing during the reversal process as calculated with micromagnetic simulations using the object oriented micromagnetic framework ͑OOMMF͒. 12 The material parameters used for the micromagnetic simulations are those contained in the OOMMF program for Py; the side of the cubic unit cell used in the computation was 5 nm. The simulated AMR plots are calculated from the local magnetization distributions, obtained with OOMMF, and the current distribution inside the structures determined by numerically solving Laplace's equation. Details of the calculations can be found in Refs. 8 and 13. The micromagnetic simulations indicate that the spin structure of the DW, when pinned at one corner, corresponds to that of a transverse head-to-head wall. 5 Following the procedure reported in Ref. 14, we confirmed this conjecture experimentally by MR measurement with H swept along the bisector of the ring corner at which the DW is pinned: no hysteresis can be observed in the MR plots consistent with a transverse DW structure. 14 The agreement between measured and calculated AMR plots is very good. This is quite remarkable since the simulations were carried out assuming a flat ring structure with the Au contacts deposited on top of it. As we showed in a recent work, the nonplanarity of the magnetic structures may affect profoundly the magnetoresistance of ring structures. 13 The good agreement observed in the present work can be attributed to the strong pinning potential for the DWs introduced by the ring corners and to the narrower, thinner, and better edge profiled roughness of Au contacts used here. Figure 2 shows the AMR plots measured between terminals 1 and 2 ͓Fig. 2͑a͔͒ and 3 and 4 ͓Fig. 2͑b͔͒ for H swept between −450 and 450 Oe, after saturation at high negative fields. As schematized in Fig. 2͑c͒ , the measured AMR loops correspond to cycling the magnetization configuration between states A and B, viz., sweeping the DW back and forth between two corners delimiting the upper horizontal segment of the ring. This is particularly interesting for application since the sign of the difference between the voltage drops between the two couple of contacts 1 and 2 and 3 and 4 is related straightforwardly to the position of the wall, viz., to state A or B ͑so called onion states 15 ͒. In Figs. 2͑a͒ and 2͑b͒ we also report the critical field values at which the DW leaves the region between a couple of contacts. Comparing these values, we observe that in a narrow field range ͑about 30 Oe͒ the resistance between both couples of leads is simultaneously high. The MR signal between contacts 2 and 3, shown in Fig. 2͑d͒ , is characterized by a drop of the signal occurring in the same field range. These findings indicate that the transition between states A and B takes place through an intermediate metastable state ͓state C sketched in Fig. 2͑d͔͒ corresponding to the DW being located in the area flanked by contacts 2 and 3. To investigate if state C is stable at H = 0, we first prepared the structure in state A by applying a high saturating negative field and relaxation of the field to zero; then we applied a positive field of 245 Oe and removed it. The inset in Fig. 2͑d͒ shows the evolution of the MR signal between leads 2 and 3 during the process and demonstrates that once the DW is placed between these contacts, that position remains stable relaxing the field to zero. It is worth noting that in a flat ring structure, state C would be only a transient configuration, not an equilibrium state. We can conclude that the surface modulation introduced by contacts 2 and 3 creates a weak pinning potential for the DW. Since a change of the DW structure from transverse to vortex type may occur during its displacement, 5 FIG. 2. Panels ͑a͒ and ͑b͒: measured MR signal between terminals 1 and 2 and 3 and 4, respectively, as the external magnetic field is swept between −450 and 450 Oe after saturation of the structure with a negative field. Panel ͑c͒: schematic of the main magnetization configurations calculated with micromagnetic simulations. ͓Panel ͑d͔͒ measured MR signal between terminals 2 and 3 with a schematic of the magnetization configuration ͑state C͒ corresponding to the drop of the signal. The inset shows the variation of MR signal corresponding to the transition from state A to state C upon application of a positive magnetic field of 245 Oe and relaxing it to zero.
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we checked the DW structure when the wall is pinned between contacts 2 and 3 by MR measurements. 14 In this case the MR signal is measured by sweeping H perpendicularly to the ring segment. The recorder MR loop does not show a hysteretic behavior indicating that the transverse structure is preserved.
To investigate the possibility to operate the device only with current, we have first placed a DW between contacts 1 and 2 ͑state A͒ using the external field H. The results of the experiment are summarized in Fig. 3 . At t = t1 we inject a negative current pulse at contact 1 ͑amplitude of 4 mA corresponding to a current density of 1.6ϫ 10 12 A/m 2 and lengths of 10 and 20 s; the pulse length does not affect the results; negative currents mean that electrons flows from contact 1 to contact 5͒ and we monitor in sequence the voltage drop between the three couples of contacts 1 and 2, 2 and 3, and 3 and 4. After the current pulse, the resistance between contacts 1 and 2 has increased ͑full dots͒, between contacts 2 and 3 has decreased, ͑open triangles͒, and between contacts 3 and 4 ͑open squares͒ is unvaried. This means that the DW has left the initial corner and is now located between contacts 2 and 3 ͑metastable state C͒. When at t = t2 we apply a positive current pulse with the same amplitude and duration, the DW is pushed back into the initial corner of the ring ͑state A͒ and the resistance between the three couples of contacts goes back to the initial levels. We repeated the same current pulse sequence several times ͑Fig. 3 shows only the first sequence for clarity͒ and the resistance levels between the contacts are reversibly and reproducibly attained corresponding to the DW moved in and out of the area flanked by contacts 1 and 2. At t = t3 we apply two consecutive negative current pulses followed at t = t4 by two consecutive positive current pulses. Now the resistance levels after each sequence correspond to the displacement of the DW from one corner of the ring to the other. Also in this case, the resistance levels are reproduced repeating the current pulses sequence. At t = t5 we inject a negative current pulse of amplitude of 5 mA ͑current density of 2.0ϫ 10 12 A/m 2 ͒ followed at t = t6 by a positive current pulse of the same amplitude. The variations of the resistance levels indicate that the DW has now been fully displaced between the two corners by a single current pulse. Unfortunately, the repetition of the sequence of such large amplitude pulses a few times damages the injection Au contact, although the integrity of the ring structure is preserved.
In conclusion, using magnetoresistance measurements with a particular contact geometry, we have shown that we can track the position of a head-to-head domain wall pinned at a corner of a submicrometer Permalloy square ring structure. We demonstrate that a domain wall is reversibly and controllably displaced by current pulses. The domain wall moves in the direction of the electron flow, consistent with the spin-torque effect. Since the effect is observed without any external applied field, we can exclude that our findings are purely due to Joule heating of the sample above or close to the Curie temperature of Py. FIG. 3 . ͑Color online͒ Resistance levels between contacts 1 and 2 ͑solid dots͒, 2 and 3 ͑open triangles͒, and 3 and 4 ͑open squares͒ as current pulses are injected with the domain wall initially located between contacts 1 and 2. Labels A, B, and C identify the magnetization configurations sketched in Fig. 2 . The polarity and the amplitude of the current pulses used are 4 mA ͑current density of 1.6ϫ 10 12 A/m 2 ͒ and 5 mA ͑current density of 2.0ϫ 10 12 A/m 2 ͒. The pulse length is 20 s. 
